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Phased Fiber Array for Multiplexing and Demultiplexing 
Background of the Invention 

The invention is directed to a phased array of optical waveguides for 
wavelength division multiplexing and demultiplexing of optical signals. In 
particular, the novel optical waveguide multiplexer/demultiplexer includes an 
array of waveguides which are configured to efficiently collect light from the 
phased array, at a spatial location relatively close to the phased array, while 
minimizing coupling among the waveguides of the output array. 

Wavelength division multiplexing and demultiplexing (WDMD) have 
gained in importance as system data rate and system capacity requirements 
have increased. Usually, the two types of signal processing, i.e., multiplexing 
and demultiplexing are discussed together because many embodiments of 
WDMD devices are reciprocal. That is, multiplexed signals which are 
transmitted through a WDMD device in a first direction are separated into 
component wavelengths, each propagating in a pre-selected one waveguide. 
Alternatively, signals of different wavelengths propagating in separate 
waveguides are multiplexed when transmitted through the device in a direction 
opposite the first direction. This reciprocity of function is found in the devices 
disclosed and described herein. Thus it will be understood throughout this 
document that a discussion of the multiplexing function includes the reciprocal 
demultiplexing function. Choosing one or the other function for discussion 
removes the need for discussion of its obvious reciprocal, thus simplifying the 
description without sacrificing completeness. 



WO 98/58283 PCT/US98/1 1733 

2 

The parts or segments of a WDMD device typically include a phase 
shifting array of waveguides which can sort signals by wavelength, one or 
more waveguides for transmitting or receiving multiplexed signals and a 
waveguide array for transmitting or receiving a plurality of demultiplexed 
s.gnals. The transmitting or receiving segments must be properly coupled to 
the phase shifting array. In particular, the one or more waveguides which 
launch multiplexed signals into the phase shifting array must be so coupled to 
the phase shifting array as to uniformly distribute signal intensity onto the ends 
of the waveguides of the array. It is understood that the intensity of the light in 
a plane does have some variation. In this context, the term uniform means that 
the shape the intensity distribution of light may have is not such that 
unacceptable crosstalk appears in the multiple** or demu.tip.exed signa.s In 
addition, proper demultiplexing of signa.s occurs when light intensity from each 
of the waveguides of the phase shifting array is distributed uniformly onto each 
wavegu.de of the array which propagates a demultiplexed signal The 
multiplexing and demultiplexing functions may be described using a different 
conceptual model. For example, one may speak of the wavefront exiting the 
Phase shifting array as being tilted at an angle which provides for constructive 
interference of the phase shifted light. A different tilt angle corresponds to 
different light wavelengths. The results, i.e., the structure of a WDMD is of 
course, not effected by the choice of descriptive model. The alternative ' 
description is mentioned here to avoid confusion between this application and 
other publications or previously filed applications. 

The characteristics of a satisfactory WDMD device are: 

- minimum signal attenuation within the device; 

- separation of signals by wavelength sufficient to meet a pre-selected bit error 
rate ceiling; 

- small size; and, 

- ease of manufacture which can translate into lower cost. A particular one of 
these characteristics may gain in importance depending upon the requirements 
of the system in which the device is used. 
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There ,s a strong need within the telecommunications industry for 
WDMO designs which provide adequate signal separation and iow signa, 
attenuation in a device which is reiatively small In size and simple to 
manure, u. S. paten, appiieation S. N. 08,586.134. filed 1, Janua,v,996 

d,sdosesaWD M Odev,cewhichsimp,mes,hes P a« ia ,conf W ra,ionof,h e " ' 
Phase shifting array. The phase shifting function is performed by an array of 

ZTT 6ach of has a unique propa9a,ion —* •» ""9 

the need for a process in which me waveguides are arranged In a pattern 
wh,ch allows the waveguides to have unique lengths. Because adjacent 
waveguides of the phase shifting array have different propagation constants 
cross talk among the waveguides of the array is small and thus a source of 
error « removed from the WOMD. stated differently, because neighboring 
waveguides have different propagation constants, mere is no need to adjust 
the geometry of me waveguides a, their input or output ends to avoid cross «a,K 
error. In particular, the spacing between neighboring waveguides in me phase 
•Mng array may be brought cioser together, reducing me dimensions of the 
WDMD without effecting performance. 

wmJ* 9 nOVS ' "°* d " C '° Sed here ' n ' S an add " l0nal ste " to*™* *™*b 
WDMD component size wimout negatively effecting either waveguide cross 
talk or signal attenuation in the device. 

Definitions 

Waveguide - An elongated structure for containing and transmitting Jight 
s-gnals. the structure made of materials which are substantially transparent to 
light s.gna.s. To contain and transmit light a generally centra, portion of the 
structure has a maximum index of refraction greater than the maximum index of 
refract,on of a layer which surrounds and is in contact with at least a part of the 
central portion. 

Refractive index profi.e - The centra, portion of the waveguide and sometimes 
the surrounding layer may be characterized by the index of refraction which 
occurs at points along a reference line in the waveguide. The reference is 
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typically a diameter in the case of a circular waveguide or a side to side 

dimension for waveguides of general geometric shape. 

Refractive index A % - A waveguide region having a maximum 

refracts index n, has a a% relative to another region of the waveguide 

having a maximum refractive index .n. defined by the relation A% = (n, 2 - 
n e 2 )/2 ni 2 The region having maximum index n c is usually located in the 
surropunding or clad layer of the waveguide. 

Propagation Constant - This is a constant found from a scalar wave 
equation descriptive of the electromagnetic fields which are supported by a 
particular waveguide geometry. An example of a scalar wave equation is 
found in "Optical and Quantum Electronics", J. P. Meunier et al., 15 (1983) 
pp. 77-85. ' 



Summary of the Invention 
The novel optical component of this application meets the need for 
small, low cross talk, high performance WDMD devices by decreasing the 
distance between input or output waveguides and the phase shifting 
waveguide array. As described in U. S. patent application S. N. 08/586 134 
cited above, the WDMD device comprises at least one input waveguide which 
transmits a multiplexed light signal, a phase shifting array of N waveguides 
wh.ch provides a distinct optical path length for light signals of different 
wavelengths, and an output array of M waveguides each of which transmits a 
angle signal having a pre-selected wavelength. The number N of 
waveguides in the phase shifting array is equal to or greater than the number 
of wavelengths present in the multiplexed signal. That is, the integer N is in 
general much larger than the integer M. The greater the number of distinct 
paths , n the phase shifting array, the better, in general, is the signal to noise 
ratio or crosstalk among the multiplexed or demultiplexed signals. The at least 
one input waveguide and the output array of waveguides are optically coupled 
to the respective first and second ends of the N waveguides of the phase 
shifting array. Although the terms input and output have been applied to the 
waveguides coupled to the phase shifting array, it will be understood that these 
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waveguides may either transmit signa.s to or receive signa.s from the phase 
shitting array depending upon whether the WDMD is being used as a 
multip.exer (the phase shifting array receives a p.ura.ity of signai wavelengths 
from the M waveguide "output" array) or a demultiplexer (the phase shifting 
array receives multiplexed signals from the at least one "input" waveguide)" 

The spaang between the input or output waveguides and the phase 
sh.ft.ng array depends upon the geometry of the waveguides of the WDMD In 
addition, this spacing must be such as to satisfy the requirements- 

- the at least one input waveguide must distribute the multiplexed signal 
unrformly among the first ends of the N waveguide phase shifting array and 

- each of the M waveguides of the output array must receive phase shifted ' 
signal light from each of the N waveguides of the phase shifting array This 
spaang can be reduced by tapering the input or output waveguide end 
segments or by tapering the first or second ends of the phase shifting array 
The reduct.on or decrease in spacing is in comparison to a WDMD device 
wh,ch has no tapered portion but is of the same general configuration as the 
novel WDMD. 

A first aspect of the invention is a WDMD device in which the M 
waveguides of the output array are tapered at the ends which are coupled to 
the second ends of the phase shifting array. The direction of taper is such that 
the cross section of the output waveguides is smaHest at the ends which are 
coupled to the phase shifting array. To prevent coupling of light among 
neighboring fibers in the output array, each fiber of the output array has a 
unique propagation constant. 

In an embodiment of this first aspect, the M ends of the waveguides of 
the output array may be formed into a tapered segment in which the output 
array ends are arranged side by side in a plane and the spacing between 
adjacent waveguide centers is not greater than about 1 00 M m. In another 
preferred embodiment, the end segments of the output array are arranged 
Lnearly in a plane, as above, and tapered to provide a spacing between 
centers of adjacent waveguides no greater than 30 urn. 
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A further embodiment of this firs, aspect includes either the first or 

sZm " ** ^ Sh "" nB haVl " 9 3 ' aP9red taper is 

suoh ma. ,he smal.er cross section of the .apered portion is neares, .he i™ 
or the output waveguides. «« me input 

shi«ino The ^ b9hV8e " " '"" °" e inpU * ™ a ^uide and the phase 
Shif, no array can be decreased by tapering the end porton of .he a, ieas, one 
npu, waveguide. As before, the small end of the tapered portion is nearest! 

phase shifting array. 

The waveguides which make up ft. array may have unique propaga.cn 
cons^n s, b , „ ^ be ^ ^ ^ ^ ^ JMJ*n 

Zsl h : shwns army members haw — « — «^ 

In ca es wbere ft. taper of .he ends of .he phase shifting array is targe a 

zr requir9mem may **** me members ° f *• — ; 
zirT cons,an,s - The dwerence in pr °~ «— 

the members o, an array is achieved by any of severe, means Known in the ar, 
for example, providing a different index 4 % . a different reactive index 

me WDMD wavegu.de retrace index proxies includes those in which index 
increasmg dopant materials or index decreasing dopants are used in the 
central portion or surrounding layer of the waveguide. In addition 
^bodiments of .he nove, WDMD indude waveguides c, pianar or fiber type or 
hybnds of these two. The major considerations ere size, cos, and pertorll 
of the WDMD ramerthan type of waveguide used Performance 

in order for me WDMD component to function properly, me coupling 
among the phase shifting array, me « teas, one input waveguide, and me 
output waveguide array must satisfy the conditions: 

- coupling between me input and the first ends of the phase shifting 
array must distribute light intensity from me input uniformly to me firs, ends- 
and, 

- coupling between the output ends and the second ends of the phase 
sh,ft,ng array must aliow ,ight from each second end to interfere at the output 
ends, thereby effective* delivering to each output end a sing.e signa. 
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wavelength. These Condons on the coupling are stated for me 

I'rriTn, 9 rr of me d9vice - n ° • — 

exist for the multiplexing function are- 
such S, "T? betmen ^ ^ endS ^ PhaSe —"«« ends is 

I 27 H "* ^ ^ ^ iS *"~« uniform^ 

to the second ends; and, y 

fiber issZT, b6,Ween ^ PhaM ShMer ** ^ *• at «— - "Put 
fiber ,s such that essentially all the light emerging from the firs, ends is 

focussed upon the at least one input waveguide end. 

the stepT inV9n " 0n " *° 3 mem0a " maWn9 * h9 WDM ° devtee « m P"*9 

- fabricating the phase shifting array; 

- providing coupling, as described above, between the input and output 
waveguides and the respective firs, and second ends of the phase shlT 

.he a. least one ,npu, waveguide or the ends of the oufcu, waveguide array 

aToirr T d,rec,ion of ,arser ,o smai,er ,aper * ^ *— - <°»^ 

an optica, coupling. The taper can be formed by any o, several methods 
tamn ,n the ar, induding etching, ion exchange, or heating and precision 
stretching of the end portion to be tapered. 

Brief Description r,f.fr . Drawing . 
FIG. 1a is an illustration of the functional elements of the WDMD having 
a tapered output array and input waveguide. 

FIG. 1b is an illustration of the phase shifting array having first and 
second ends tapered. 

FIG. 2 shows the ends of a waveguide array in which the waveguides 
have a circular cross section. 

FIG. 3 is an illustration of the parameters used to estimate WDMD size. 
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Detailed D««„ri r * ion of thft | nuatlKnn 

The novel multiplexer/demultiplexer (WDMD) is characterized by one or 
more tapered waveguide portions located near the coupling regions of the 
de Vl ce. The formation of the one or more tapered portions of the waveguides 
allows a reduction in spacing between the input or output waveguides and the 
Phase shifting array in comparison to a similar WDMD having no tapered 
portions. A schematic illustration of a WDMD is given in FIG. 1a. A single 
.nput waveguide 2 carries M wavelength division multip.exed signals. The end 
10 of input 2 is tapered so that a larger spot is incident on coupling element 4 
Couphng element 4, which may be a cy.indrica. or planar graded index lens 
d,stributes a uniform light intensity to the first ends 11 of phase shifting array 6 
An ,ndex gradient may be formed in element 4 to provide equal intensity to first 
ends 1 1 even when the cross sectional areas of ends 11 are not equal The 
Phase shifting array 6 includes N waveguides 12 having a substantially uniform 
spaang 13. Because each of waveguides 12 of phase shifter 6 has a unique 
propagation constant, each wavelength in the multiplexed signal receives a 
un.que phase shift as it passes through phase shifter 6. .t is understood that 
the several alternative ways, known in the art, of introducing a unique phase 
shrft to the respective waveguides of the phase shifter are effective to make 
the device functional. For example a unique phase shift can be introduced by 
varymg the lengths of the respective waveguides of the phase shifter. 

The focusing element 7 directs the phase shifted light wavelengths 
toward the output array 8 comprising M waveguides 14. As an alternative to 
the focusing element 7, ends 12 of the phase shifter may be arranged to 
perform the focussing function. For example, the ends 12 could be arranged 
along a curved line having the shape of a focussing lens. The down taper in 
the diction of the coupling region can be seen in output array 8. The light 
d,rected toward output array 8 interferes constructive.y and destructively due to 
the phase shift introduced in the phase shifter 6. Because each wavelength 
rece,ves a unique phase shift, constructive interference will occur for a given 
wavelength at only one spatial location. The output array 8 is placed such that 
the end of one of waveguides 14 coincides with the location constructive 
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^ S ' 9nal WaVe,e " 91h ' ' hereb ^"-«ng .hedemultipiexing o, 
the s. 9 na,, The taper ,n array , account for a reduced spacing between 
Phase shifter 6 and outpu, array 8. The down .aper and .he reduced inter- 
array spacing requires One ends of waveguides 14 .o be closeiy spaced To 
avoid cross coupling o, signals between waveguides ,4. especiaiiy in me " 
tapered end portions, each of waveguides 14 has a unique prop a,a.ion 
constant Thus. ,he reduction in WDMD size is achieved wiftou. sacrificing 
signal separation. y 

An ernbodimen. of the novel WDMD includes a phase shifter having 
tapered portions a. one or bom ends of its waveguides. A phase shifter 6 
comprising tapered waveguide ends 16 and 18 is shown s=hem alJ ca„y in FIG 
lb. The tapered end portions of me phase shifter waveguides are labeled 20 
22, 24, 26. 28 and 30. As noted previously, me .aper in me waveguides ' 
serves ,o reduce .he size of me WDMD rela,ive .o a WDMD having no tapered 
wavegu.de ends. The number of phase shifting waveguides is equa, ,o or 
greater than me number of wavelengths to be multiplexed. Through use of 
precision drawing techniques known in me art. the tapers in any of .he 
waveguide end portions in .he WDMD can be formed by heafing and stretching 
or by any of several alternative techniques including direct deposit on a 
substrate, ion exchange, or etching. 

_ To simplify the geometry of the WDMD, me spacing between 
waveguides in an array, 40 of F.G. 2. may be held substantia^ constant Also 
me waveguides 34, 36, and 38 may have end faces which lie in a common 
plane and are arranged linearly. The embodiment of FIG. 2 shows me 
waveguides embedded in substrate 32 which can serve as the surrounding or 
cladding layer of me waveguides. The spacing between centers 38 may vary 
particularly * me waveguides of me array differ in propagation constant dueTo 
differences in radius as illustrated by radius 41 of waveguide 38 

The feasibility of the design may be deduced using FIG. 3. The phase 
shrftrng array waveguides 42 have a constan. spacing between adjacent 
waveguides 40. The width dimension 54 of the waveguides is illustrated as 
being different for each waveguide to provide a unique propagation constan. 
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for each phase shifter waveguide 42. The length of the phase shifting array is 
shown as .ength 44. Light rays 52 emerging from the phase shifter array form 
an ang,e 46 with the optical axis 51. For a particular wavelength. X, rays 52 
constructively interfere at an output waveguide end 58 which is .ocated a 
perpendicular distance 56 from the horizontal. Focusing element 48 directs' 
rays 52 to the output waveguides exemplified by 58 and 58a. 

A sample calculation may be made using the following parameters 
...ustrated in Rg. 3. A ti.ted wavefront mode, or an interfering wave model may 
be used in describing this calculation. Referring to Fig. 3, light rays 52 emerge 
from the phase shifting array made up of waveguides 42. The spacing 
between waveguide centers, 60, is essentially constant. Rays 62 emerge from 
focussing element 48 and proceed to an output array exemplified by 
waveguides 58 and 58a. The WDMD device provides the requisite phase shift 
so that l,ght of wavelength X, is received by waveguide 58 and light of a 
Afferent wavelength X 2 is received by waveguide 58a. The angular dispersion 
•s g.ven by the ratio of the angular separation of rays 62, 69, to the difference 
X, - X 2 , where the angle is formed by rays entering adjacent waveguides 
Also, us.ng the geometry of the WDMD device, 59 is equal to the ratio of 
opt,cal path difference between adjacent rays 62 and the product of phase 
sh.ft.ng waveguide center to center spacing D times X, The optical path 
deference between adjacent rays may be expressed as 5B/K. where B is 
propagation constant and k is wavenumber. Then the equation for angular 
d,s P ersion becomes (S3 x L)/(2*D). In a similar manner, one finds the linear 
dispersion =5x/(X, - X 2 ) = (f x S P L)/ (2,0) , where 6x is output waveguide 
spacng 64 and f is distance 50 between the phase shifting array and the 
output array. 

Let f = 5 x 104 um , 5p= 0.001 um-1, L = 1Q4 Mm< and D = 1 0 um. Then 
the l.near dispersion is calculated to be 8 um/nm. Note the excellent linear 
separation of wavelengths for WDMD geometrical parameters which may 
reasonably be achieved by an artisan. 
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Although various embodiments of the invention have hereinbefore been 
enclosed and described the invention is nonetheiess iimited on.y bv the 
following claims. 
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We claim: 

1 • An optical waveguide component for reciprocal multiplexing and 
demultiplexing by wavelength division, described for signals propagating in the 
direction in which demultiplexing occurs, comprising: 

a phase shifting array of N waveguides, which propagate M multiplexed 
signal wavelengths, each signal having an intensity and a phase, and each of 
the N waveguides of said phase shifting array having a first and a second end 
and a propagation constant different from the propagation constant of every ' 
other waveguide of said phase shifting array to provide a unique phase shift 
for each signal wavelength, wherein N > M; 

at least one input waveguide, for propagating the M multiplexed signal 
wavelengths, optically coupled to the first end of each of the N waveguides of 
sa,d phase shifting array, to provide uniform signal intensity distribution to the 
N waveguides of said phase shifting array; and, 

an output array of M waveguides, each of the M waveguides 
of said output array having an end which is optically coupled to the second 
ends of the N waveguides of said phase shifting array, and the phase shifted 
s,gnals exiting said phase shifting array interfere so that each of the M 
waveguides of said output array receives a single signal wavelength from said 
phase shifting array; 

wherein the M waveguides of said output array each have a propagation 
constant different from the propagation constant of every other waveguide in 
said output array, at least over a portion of the lengths of said output array 
beginning nearest the ends coupled to the second end of said phase shifting 
array, to prevent cross coupling of demultiplexed signals among said M 
waveguides of the output array. 

2. The optical component of claim 1 wherein the ends of the M 
waveguides of said output array, which are optically coupled to said phase 
shifting array, are grouped to form an end segment which tapers inwardly 
toward said phase shifting array such that the distance between adjacent 
waveguide centers is no greater than 100 urn, and the propagation constants 
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of the M waveguides of the output array are different at least over a length 
which includes the tapered end segment. 

3. The optical component of claim 2 wherein the distance between 
adjacent waveguide centers is no greater than 30 um. 

4. The optical component of either claim 1 or claim 2 wherein either 
the first or second ends of said phase shifting array are grouped to form a 
respective end segment which tapers inwardly toward said at least one input 
waveguide or toward said output array. 

5. The optical component of claim 1 wherein said at least one input 
waveguide has an end segment which tapers inwardly toward the first ends of 
sa,d phase shifting array which broadens the signal light emerging from said at 
least one input waveguide to provide a coupling distance between said at least 
one input waveguide and the first ends of said phase shifting array which is 
less than the coupling distance between an untapered input waveguide and 
the phase shifting array. 

6. The optical component of claim 1 wherein each waveguide of said 
output array of waveguides comprises: a core region having a width 
dimension, a refractive index A %, and a refractive index profile, and a clad 
layer, having an index of refraction, surrounding and in contact with the core 
reg,on, wherein the waveguide characteristics which provide a unique 
propagation constant for each of the N waveguides of said output array are 
chosen from the group consisting of refractive index A %, core width, and core 
refractive index profile. 

7. The optical component of claim 6 wherein the clad refractive index is 
less than the refractive index of silica. 
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8. The optical component of claim 1 wherein said phase shifting array 
sa,d at least one input waveguide, and said output array are selected from a ' 
group of waveguide types consisting of a planar waveguide and an optical fiber 
waveguide. 



9. The optical component of claim 1 wherein said optical coupling 
between said at least one input waveguide and said phase shifting array 
.ncludes means for uniformly distributing the input signal intensities over the 
first ends of said phase shifting array. 

1 0. The optical component of claim 1 wherein said optical coupling 
between the second ends of said phase shifting array and the ends said output 
array .nclude means for uniformly distributing the light from each second end 
of said phase shifting array to the ends of said output array. 

1 1 . The optical component of claim 10 in which the means for 
uniformly distributing the light comprises an arrangement of the second ends of 
the phase shifting array along a pre-selected arc. 

12. A method of making an optical waveguide component for reciprocal 
mulfplexing and demultiplexing by wavelength division, comprising the steps: 

a) fabricating a phase shifting array of N waveguides wherein each 
waveguide of said array has a unique propagation constant to produce a 
wavelength dependent phase shift in signals passing therethrough, said phase 
shrftmg array having a first and a second end and a cross sectional area.; 

b) optically coupling at least one input waveguide, having a cross 
sectional area, to the first end of said phase shifting array, for transmitting or 
receiving multiplexed signals to or from said waveguide array; 

c) optically coupling an output array of M waveguides, wherein N > M 
each waveguide having a cross sectional area, to the second ends of said ' 
phase shifting array for transmitting signals of different wavelength to said 
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